Glutamate is considered to be the primary neurotransmitter in the retinohypothalamic tract (RHT), which delivers photic information from the retina to the suprachiasmatic nucleus (SCN), the locus of the mammalian circadian pacemaker. However, substance P (SP) also has been suggested to play a role in retinohypothalamic transmission. In this study, we sought evidence that SP from the RHT contributes to photic resetting of the circadian pacemaker and further explored the possible interaction of SP with glutamate in this process. In rat hypothalamic slices cut parasagittally, electrical stimulation of the optic nerve in early and late subjective night produced a phase delay (2.4 Ϯ 0.5 hr; mean Ϯ SEM) and advance (2.6 Ϯ 0.3 hr) of the circadian rhythm of SCN neuronal firing activity, respectively. The SP antagonist L-703,606 (10 M) applied to the slices during the nerve stimulation completely blocked the phase shifts.
The retinohypothalamic tract (RHT) is a neural pathway arising from a subset of retinal ganglion cells and projecting to the suprachiasmatic nucleus (SCN) (Hendrickson et al., 1972; Moore and Lenn, 1972) , a hypothalamic region that contains the circadian pacemaker in mammals (Meijer and Rietveld, 1989; Morin, 1994) . Photic information conveyed to the SCN via the RHT is sufficient and essential for entrainment of the circadian pacemaker to the environmental light/dark cycle (Rusak and Boulos, 1981) . Previous studies have provided strong evidence that the excitatory amino acid (EAA) glutamate is a neurotransmitter used by the RHT (for review, see Ebling, 1996) .
However, accumulating data have suggested that substance P (SP) also plays a neurotransmitter or neuromodulator role in retinohypothalamic transmission. SP-containing nerve fibers are concentrated in the ventral region (i.e., the retinorecipient portion) of the rat SCN (Takatsuji et al., 1991; Mikkelsen and Larsen, 1993) , and retinal fibers make synaptic contacts with SP receptor-positive dendrites in the ventral part of the rat SCN (Takatsuji et al., 1995) . SP applied exogenously to rodent hypothalamic slices alters the unit activity of SCN neurons (Shibata et al., 1992; Shirakawa and Moore, 1994; Piggins et al., 1995) and can cause phase shifts in the circadian rhythms of SCN neuronal activity (Shibata et al., 1992) . Intracerebroventricular or systemic injection of an SP antagonist in the hamster blocks the expression of Fos-like protein in the SCN (Abe et al., 1996) and the phase advances of circadian locomotor activity rhythm (Challet et al., 1998) induced by light pulses. Moreover, SP antagonist applied to rat hypothalamic slices depresses EPSCs of SCN neurons evoked by optic nerve stimulation (Kim et al., 1999) .
On the other hand, there are also some results that throw doubt on the role of SP in retinohypothalamic transmission. Neurons expressing SP receptors in the rat SCN are mainly located in the dorsolateral margin of the nucleus, not the retinorecipient region (Mick et al., 1994) , and the effects of ocular enucleation on the density of SP-immunoreactive nerve fibers and terminals in the SCN are inconsistent; although a few laboratories have reported a significant reduction of SP immunoreactivity in the rat SCN (Takatsuji et al., 1991; Mikkelsen and Larsen, 1993) , others have failed to detect a decrease in SP-immunoreactive elements in both the rat and hamster SCN (Otori et al., 1993; Hartwich et al., 1994) . Thus, it still remains to be determined whether or not SP plays an RHT neurotransmitter or neuromodulator role.
In this study, using rat hypothalamic slices containing both the SCN and optic nerve, we sought physiological evidence that SP from RHT terminals contributes to photic resetting of the suprachiasmatic circadian pacemaker. In addition, we explored the possible interactions between SP and glutamate in photic resetting. In the first set of experiments, we examined the effects of SP and EAA antagonists on the phase shifts of circadian firing rhythms induced by optic nerve stimulation. In the second set, we examined the effects of SP and EAA antagonists on the phaseshifting effect of exogenously applied SP or glutamate.
MATERIALS AND METHODS
Animals and housing. Male Sprague Dawley rats (n ϭ 72; 50 -200 gm) purchased from Daehan E xperimental Animal Company (Eumsung, Korea) were used in this study. The experimental procedures described below were in accordance with the guidelines set by the Korea University College of Medicine Animal Research Policies Committee. Before electrophysiological experiments, the animals were housed in a temperaturecontrolled room (22-24°C) with a 12/12 hr light /dark schedule for at least a week. Z eitgeber time (Z T) 0:00 hr was defined as the time of lights-on, and Z T 12:00 hr was defined as the time of lights-off in the colony.
Brain slice preparation. The rats were anesthetized with sodium pentobarbitone (100 mg / kg, i.p.) between Z T 10:30 and 11:30 hr, and the brain was quickly excised and submerged in ice-cold physiological saline (composition in mM, 124 NaC l, 1.3 MgSO 4 ⅐7H 2 O, 3 KC l, 1.25 NaH 2 PO 4 , 26 NaHC O 3 , 2.4 CaCl 2 , and 10 glucose) supplemented with gentamycin (50 mg / l). After ϳ1 min of chilling, the brain was trimmed to a block containing the hypothalamus and optic nerves. With the use of a vibroslicer (World Precision Instruments, Sarasota, FL), two parasagittal slices (400 -500 m thickness), each containing one optic nerve (4 -7 mm) and an SC N, were cut from the tissue block. During the slicing, the tissue was maintained in ice-cold physiological saline. One of the slices was transferred to a modified Hass-type gas interface recording chamber (Haas et al., 1979) and superf used continuously, at a rate of 0.4 ml /min, with warm physiological saline (35°C), pH 7.4, aerated with 95% O 2 /5% CO 2 . Warm air (35°C) humidified by 95% O 2 /5% C O 2 was also continuously blown over the slice to f urther ensure adequate oxygenation of the cells in the tissue.
Optic nerve stimulation and electrophysiolog ical recording. On the first day in vitro, the optic nerve was stimulated with a suction electrode; constant current pulses of 0.5 mA intensity (1.0 msec biphasic square wave; 5 Hz) or 0 mA intensity (in the case of sham stimulation) were applied for 15 min, starting at Z T 14:00 hr (i.e., early subjective night) or 22:00 hr (i.e., late subjective night). To ensure that the stimulation at 0.5 mA intensity did not activate SC N neurons directly by current spread, we performed some control experiments using the whole-cell current-clamp technique; the electrodes (tip diameter, ϳ2 m; resistances, ϳ3 M⍀) were filled with a solution, pH 7.3, that was composed of (mM): 140 K-gluconate, 10 H EPES, 2 MgC l 2 , 1 CaCl 2 , 11 EGTA, and 2 K 2 ATP. In these experiments, the stimulation intensity was varied from 0.1 to 1.0 mA. In no case (10 cells tested in three slices) did the stimulation at 0.5 mA intensity elicit action potentials directly from SC N neurons, but it clearly evoked EPSPs with a constant latency (9 -15 msec; in 5 of 10 cells tested in three slices) (Fig. 1 ).
E xtracellular single-unit recordings were made on the second day in vitro, using glass electrodes (4 -5 M⍀) filled with 3 M NaC l, pH 7.4. T ypically 8 units were sampled every hour (range, 5-15 units). The sampling was not restricted to any particular region of the SC N. The single-unit activities were recorded for 1 min for each cell and grouped into a 2 hr running average with a 1 hr lag to determine the time of peak of circadian firing activity rhythm (Ding et al., 1994) . This time point was adopted as the phase reference point of the rhythm.
Drugs. In the first set of experiments (see above), the SP antagonist L -703,606 (0.1-10 M; selective for N K 1 receptors; Research Biochemicals, Natick, M A) or a cocktail of the NMDA antagonist 2-amino-5-phosphonopentanoic acid (AP-5, 50 M; Sigma, St. L ouis, MO) and the non-NMDA antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 M; Sigma) was bath-applied for 30 min on the first day in vitro. This application started 10 min before sham or genuine optic nerve stimulation. In the second set of experiments, SP (1 M; Sigma) or glutamate (100 M; Sigma) was bath-applied for 30 min on the first day in vitro, starting at Z T 14:00 hr. These agents were applied alone or together with L -703,606 (10 M) or the NMDA and non-NMDA antagonist cocktail (50 M AP-5 plus 10 M DNQX).
Statistical anal yses. Numerical data are expressed as the mean Ϯ SEM. An ANOVA was used to determine the presence of significant variance among data from different experimental groups, and a T ukey test was performed to see whether there was any significant difference between data from two different experimental groups. p Ͻ 0.05 was considered to be significant.
RESULTS

Effects of SP and EAA antagonists on the phase delays produced by optic nerve stimulation in the early subjective night (ZT 14 hr)
In control slices subjected to sham stimulation of the optic nerve, the peaks of circadian firing activity rhythms were detected at ZT 4-7 hr (ZT 5.8 Ϯ 0.5 hr; n ϭ 5; Fig. 2 A) . In optic nervestimulated slices, however, the peaks of circadian rhythms were at ZT 7-10 hr (ZT 8.2 Ϯ 0.5 hr; n ϭ 6; Fig. 2 B) , indicating that optic nerve stimulation produced phase delays of the rhythms. The mean delay was 2.4 Ϯ 0.5 hr (n ϭ 6), which was statistically significant (see Fig. 4 A) .
In slices treated with L-703,606 (10 M) during sham optic nerve stimulation, the peaks of circadian firing activity rhythms were at ZT 5-6 hr (ZT 5.8 Ϯ 0.3 hr; n ϭ 4; Fig. 2C ), similar to those of control slices. This indicated that L-703,606 by itself had no phase-shifting effect. Nevertheless, L-703,606 (10 M) treatment completely blocked the optic nerve stimulation-induced phase delay ( Fig. 2 D) ; the times of peaks of circadian rhythms in slices subjected to both optic nerve stimulation and L-703,606 treatment were in the range of ZT 5-6 hr (ZT 5.4 Ϯ 0.2 hr; n ϭ 7). These peak times were significantly different from those of optic nerve-stimulated, but not control, slices. The effects of 0.1, 1, and 10 M L-703,606 on the optic nerve stimulation-induced phase delay are summarized (see Fig. 4 A) . Statistically significant blockade of the phase shift was obtained only at 10 M, although a partial blockade was noticed at 1 M.
Treatment of slices with a cocktail of the EAA antagonists AP-5 (50 M) and DNQX (10 M) was also effective in preventing the optic nerve stimulation-induced phase delay (see Figs. 2 E,  4 A) . In EAA antagonist-treated slices, the times of peaks of circadian rhythms were in the range of ZT 5-7 hr (ZT 6.0 Ϯ 0.3 hr; n ϭ 5; Fig. 2 E) . Again, these times of peaks were statistically different from those of optic nerve-stimulated, but not control, slices (see Fig. 4 A) . Effects of SP and EAA antagonists on the phase advances produced by optic nerve stimulation in the late subjective night (ZT 22 hr)
In control slices subjected to sham optic nerve stimulation, the peaks of circadian firing activity rhythms were at ZT 5-6 hr (ZT 5.8 Ϯ 0.2 hr; n ϭ 6; Fig. 3A) . In contrast, in optic nerve-stimulated slices, the peaks were detected at ZT 2-4 hr (ZT 3.2 Ϯ 0.3 hr; n ϭ 6; Fig. 3B ), indicating phase advances of the rhythms. These phase shifts (2.6 Ϯ 0.3 hr; n ϭ 6) were statistically significant (Fig. 4 B) .
L-703,606 application (10 M) during sham stimulation of the optic nerve had no significant effect on the phases of circadian rhythms; their peaks were detected at ZT 5-6 hr (ZT 5.5 Ϯ 0.3 hr; n ϭ 4; Fig. 3C ). On the other hand, L-703,606 (10 M) treatment completely blocked the phase advance produced by optic nerve stimulation (Figs. 3D, 4B) ; the times of peaks of circadian rhythms in slices subjected to both optic nerve stimulation and L-703,606 treatment were in the range of ZT 5-7 hr (ZT 6.0 Ϯ 0.4 hr; n ϭ 6). These peak times were significantly different from those of optic nerve-stimulated, but not control, slices.
The cocktail of the EAA antagonists was also effective in blocking the optic nerve stimulation-induced phase advance (Figs. 3E, 4B ). The times of peaks of circadian rhythms in EAA antagonist-treated slices were in the range of ZT 5-6 hr (ZT 5.6 Ϯ 0.2 hr; n ϭ 5), which were not statistically different from those of control slices.
Effects of SP and EAA antagonists on the phase delay induced by exogenous SP or glutamate application
Bath application of SP (1 M) and glutamate (100 M) in the early subjective night produced an average of 3.0 and 3.2 hr of phase delay in circadian firing activity rhythm, respectively (Fig. 5A,D) . Coapplication of L-703,606 (10 M) or the NMDA and non-NMDA antagonist cocktail (50 M AP-5 plus 10 M DNQX) resulted in a complete blockade of the SP-induced phase shift ( Fig. 5B,C) . However, L-703,606 had no significant effect on the glutamate-induced delay (Fig. 5E ).
DISCUSSION
Role of SP in photic resetting and its interaction with glutamate
The present study demonstrated that not only the cocktail of NMDA and non-NMDA antagonists but also the selective SP antagonist L-703,606 completely blocked the phase shifts of circadian firing activity rhythm in the SCN induced by optic nerve stimulation. These results strongly suggest that SP, as well as glutamate, released from RHT terminals plays a critical role in photic resetting of the circadian pacemaker. Furthermore, the results suggest that SP and glutamate interact. Previous studies showed that SP potentiated the excitatory responses of SCN neurons to glutamate and NMDA (Shirakawa and Moore, 1994; Piggins et al., 1995) . Also, our unpublished data from parasagittal hypothalamic slices indicate that SP potentiates NMDA-induced currents in retinorecipient SCN neurons. Thus, the interaction between SP and glutamate may occur postsynaptically, but it may also occur presynaptically. The finding of Hamada et al. (1999) that SP causes glutamate and aspartate release from hamster SCN slices is consistent with this idea.
SP does not play a permissive role for glutamate and vice versa because glutamate or SP alone was sufficient to produce a phase shift of circadian rhythm (Shibata et al., 1992; Ding et al., 1994) . The present study suggests that if the two agonists interact, they act in series with SP working upstream of glutamate, because the SP antagonist L-703,606 had no effect on the glutamate-induced phase shift whereas the EAA antagonist cocktail completely blocked the SP-induced shift. Data from Hamada et al. (1999) showing that the NMDA antagonist MK-801 reduces the SPinduced phase delay of the circadian firing rhythm also provide support for this hypothesis.
The present results suggesting a critical role of SP in photic resetting were somewhat surprising because retinohypothalamic transmission was not dependent on SP (Kim et al., 1999) . This study demonstrated that an SP antagonist only slightly depressed the EPSCs of SCN neurons evoked by optic nerve stimulation. However, it is possible that the role of SP was underestimated in this study, because the frequency of optic nerve stimulation was very low (0.033 Hz). In the present study, the stimulation frequency was 5 Hz. At this frequency, the SP release from optic nerve terminals might be large enough to explain the critical role of SP.
Our observation that the SP antagonist L-703,606 could block both the phase advances and delays of circadian rhythms is not in full agreement with the report of Challet et al. (1998) . These investigators found that an intraperitoneal injection of another selective NK 1 receptor antagonist in the hamster blocked the light pulse-induced phase advances, not delays, of circadian locomotor activity rhythm. The disparity between our results and those of Challet et al. (1998) might be related to the difference in species; in the rat SCN, SP-containing nerve fibers and terminals are distributed throughout the nucleus, with the largest accumulation in its ventral part (Takatsuji et al., 1991; Mikkelsen and Larsen, 1993) , whereas in the hamster SCN, SP-positive fibers are rare although a small cluster of SP neurons are located in the lateral aspect of the nucleus (Morin et al., 1992; Swann and Macchione, 1992; Reuss and Burger, 1994) . Thus, in the case of hamster, any SP released from nerve terminals might be derived from intrinsic SCN neurons, rather than from the RHT, and any action of an SP antagonist may be via receptors that never receive input from the RHT.
The disparity between our findings and those of Challet et al. (1998) might also be related to the difference in the site of drug action (SCN vs whole brain) or experimental parameters examined (SCN neuronal firing vs locomotor activity). However, it is unlikely to be caused by nonspecific actions of the SP antagonist used in the present study because (1) L-703,606 had no phaseshifting effects by itself, (2) its effects were concentration dependent, and (3) it produced a selective blockade of the SP-induced (not glutamate-induced) phase delays.
Experimental paradigm
Recently it was reported that the circadian rhythm of SCN neuronal firing activity, recorded as a single daytime peak in coronal slices of the hamster brain, exhibited two distinct peaks when slices were cut in the horizontal plane (Jagota et al., 2000) . In our parasagittal slices of the rat brain, however, dual daytime peaks have never been detected. Even in horizontal slices of the rat SCN, only a single peak was detected (P. W. Burgoon, personal communication). Thus, the plane of section is unlikely to be a problem in studying the photic-resetting mechanism.
A potential problem associated with the use of parasagittal slices is the washout of neurotransmitters and neuromodulators in the hours between slice preparation and optic nerve stimulation. However, we had shown that sizable EPSCs, which were sensitive to SP and EAA antagonists, could be evoked in SCN neurons by optic nerve stimulation for up to 12 hr after slice preparation (Kim et al., 1999) . Thus, the washout, if any, seems to be a minor problem.
A large number of studies used coronal hypothalamic slices to investigate the postsynaptic mechanisms of photic resetting. In these studies, bath application of a candidate neurotransmitter or neuromodulator of the RHT often substituted for photic stimulation, but direct RHT stimulation was seldom tried (Shibata and Moore, 1993) , presumably because of the difficulty of specific RHT stimulation. In the present study, using parasagittal slices, we showed that specific optic nerve (i.e., RHT) stimulation produced a phase advance or delay of the circadian rhythm of SCN neuronal activity with a phase response relationship very similar to that produced by light in vivo. Also, we demonstrated that the phase shifts were sensitive to SP and EAA antagonists. These results suggest that parasagittal hypothalamic slices are a viable in vitro model that allows investigation of both presynaptic and postsynaptic mechanisms of photic resetting. Figure 5 . Effects of SP and EAA antagonists on the phase delay induced by exogenous SP or glutamate application. The plots in A-E show representative data from single slices. In each graph, 2 hr running means (ϮSEM) of firing rates are plotted against ZT. The dashed vertical line in each plot indicates the average time of peaks of circadian rhythms observed in control slices (i.e., those subjected to sham optic nerve stimulation). Each of the experiments in A-E was repeated four to six times. The mean times of peaks determined for the experimental conditions in A-E were ZT 8.8 Ϯ 0.4 hr (n ϭ 6), 5.5 Ϯ 0.3 hr (n ϭ 4)*, 5.8 Ϯ 0.2 hr (n ϭ 5)*, 9.0 Ϯ 0.0 hr (n ϭ 4), and 9.0 Ϯ 0.4 hr (n ϭ 4), respectively. The ANOVA test indicated a significant variance among these values ( p Ͻ 0.001). The mean values denoted with asterisks in the above list were significantly different from the remainder, but they were not different from each other (Tukey test). The values not labeled with asterisks were not significantly different from one another (Tukey test).
